Background: Previous studies have shown evidence of residual scar tissue at the musculotendon junction following a hamstring strain injury, which could influence re-injury risk. The purpose of this study was to investigate whether bilateral differences in strength, neuromuscular patterns, and musculotendon kinematics during sprinting are present in individuals with a history of unilateral hamstring injury, and whether such differences are linked to the presence of scar tissue. Methods: Eighteen subjects with a previous hamstring injury (N5 months prior) participated in a magnetic resonance (MR) imaging exam, isokinetic strength testing, and a biomechanical assessment of treadmill sprinting. Bilateral comparisons were made for peak knee flexion torque, angle of peak torque, and the hamstrings:quadriceps strength ratio, as well as muscle activations and peak hamstring stretch during sprinting. MR images were used to measure the volumes of the proximal tendon/aponeurois of the biceps femoris, with asymmetries considered indicative of scar tissue. Findings: A significantly enlarged proximal biceps femoris tendon volume was measured on the side of prior injury. However, no significant differences between the previously injured and uninjured limbs were found in strength measures, peak hamstring stretch, or muscle activation patterns. Further, the degree of asymmetry in tendon volume was not correlated to any of the functional measures. Interpretation: Injury-induced changes in morphology do not seem discernable from strength measures, running kinematics, or muscle activation patterns. Further research is warranted to ascertain whether residual scarring alters localized musculotendon mechanics in a way that may contribute to the high rates of muscle re-injury that are observed clinically.
Introduction
Hamstring strain injuries are extremely common in sports that involve sprinting, such as track, soccer, and football (Woods et al., 2004 , Arnason et al., 2004 , Bennell and Crossley, 1996 , Orchard and Seward, 2002 , Askling et al., 2003 . Effective treatment and rehabilitation of individuals with hamstring injuries remain a challenge, as demonstrated by a re-injury rate of approximately 30% (Woods et al., 2004, Orchard and Best, 2002) . A better understanding of the long term effects of a prior injury on hamstring morphology, mechanics, and function could provide a basis for improving current rehabilitation strategies and predicting re-injury risk.
Following a strain injury, muscle tissue is often unable to fully regenerate to its pre-injury state. For example, imaging studies have found evidence of scar tissue as soon as 6-weeks post-injury (Connell et al., 2004) , and animal models have shown that such scarring persists indefinitely (Best et al., 2001 , Kaariainen et al., 2000 . In a prior study, we presented evidence of scar tissue many months following an athlete's return to sport (Silder et al., 2008) . It is likely that this injuryinduced change alters in-vivo musculotendon mechanics. Specifically, the replacement of contractile tissue with connective scar tissue could change force transmission paths (Huijing, 2003) and alter the series stiffness experienced by adjacent muscle fibers. This may, in turn, influence force-length properties of the musculotendon unit and joint movement patterns.
It has also been shown that athletes who sustained a previous unilateral hamstring injury tend to develop peak knee flexion torque at a greater knee flexion angle (i.e., shorter muscle length) during isokinetic strength testing, when compared to the uninjured limb (Brockett et al., 2004) . It was speculated that this difference may reflect a shorter optimal fiber length. Unfortunately, the study did not include image data, such that it could not be determined whether the observed bilateral differences in angle of peak torque evolved from injury-induced changes in musculotendon morphology. We have previously shown (Silder et al., 2008) significant atrophy of the biceps femoris long head and corresponding hypertrophy of the biceps femoris short head following injury, which could influence knee flexion strength patterns. Several authors have also suggested injury and re-injury risk may be influenced by hamstring weakness and/or a hamstrings:quadriceps strength imbalance (Orchard et al., 1997 , Croisier et al., 2008 , Yeung et al., 2009 , Lee et al., 2009 ). Specifically, a relatively stronger quadriceps may act to increase the knee extension velocity during the second half of swing, thereby imposing large inertial loads on the active lengthening hamstrings (Orchard et al., 1997) . In addition to muscular strength, neuromuscular adaptations can directly influence musculotendon mechanics during sprinting (Chumanov et al., 2007) . It is therefore possible that, previously injured athletes may display altered limb motion during the second half of swing, with the previously injured hamstrings operating at shorter lengths compared to the contralateral uninjured limb. Such a compensation, if present, may result either directly from injury-induced morphological changes (Silder et al., 2008) or as a protective mechanism, aimed at diminishing the chance of overstretching and re-injuring the muscle.
The primary purpose of this study was to investigate whether athletes with a history of a unilateral hamstring strain injury exhibit bilateral differences in (a) isokinetic strength characteristics and (b) musculotendon kinematics and neuromuscular control patterns during treadmill sprinting. Our secondary goal was to determine whether the magnitude of any functional asymmetries correlate with bilateral differences in tendon volumes, as measured using magnetic resonance (MR) imaging. We hypothesized that the previously injured limb would achieve peak force generation at a shorter hamstring length during isokinetic strength testing and display decreased hamstring stretch during treadmill sprinting compared to the uninjured limb, and also, that the degree of functional asymmetry would increase with the amount of residual scar.
Methods
Eighteen athletes (ages 18-45 years) were tested who had experienced a unilateral hamstring strain between 5-13 months prior ( Table 1 ). The initial diagnosis was made on the basis of subject questioning and clinical history and was confirmed using MR images obtained during the current study. Clinical notes indicated that all subjects sustained injuries to the biceps femoris (BF) on one or more occasions (Table 1) . Eight subjects sustained at least one re-injury, with seven of these re-injuries clinically determined to occur in the same region (i.e. proximal or distal). For the 17 subjects with single injuries or isolated re-injuries (i.e. same location), 12 were proximal, one was mid-belly, and four were distal. The remaining subject sustained separate proximal and distal injuries. All subjects were involved in running-related sports, participated in a supervised rehabilitation program for a minimum of two weeks, and had since returned to full sporting participation.
Exclusion criteria included complete hamstring muscle disruption (grade III) or avulsion, current other lower extremity injury, history of hip or knee joint surgery, lower extremity nerve entrapment, and presence of lower extremity or back pain with running. Each subject or guardian provided written informed consent prior to testing, in accordance with the University of Wisconsin's Health Sciences Internal Review Board. The testing protocol included three parts: MR imaging, isokinetic knee flexion/extension strength testing, and a biomechanical assessment of treadmill sprinting.
MR imaging protocol
The presence of post-injury remodeling was assessed by collecting high resolution static images of both limbs using an investigational version of a previously described T 1 weighted chemical shift based water-fat separation method known as IDEAL (Iterative Decomposition of water and fat with Echo Asymmetry and Least squares estimation) combined with three-dimensional spoiled gradient echo (SPGR) imaging (Reeder et al., 2007) . IDEAL provides water-only images with uniform suppression of fat-signal over large fields-of-view. All subjects were scanned in a relaxed prone position using a clinical 1.5 T MR scanner (Signa HDx v14.0 TwinSpeed, GE Healthcare, Waukesha, WI, USA). A phased array torso coil was used with the following scan parameters: coronal 3D slab, TR= 12.5 ms, 3 echoes (1 echo/TR) with TE= 4.4, 5.0, 6.6 ms, 15º flip angle; matrix, ± 41.7 kHz bandwidth, partial k y acquisition; 384 × 256 matrix with 46 × 46 cm field-of-view with 84 slices, and 1.4 mm slice thickness for a true spatial resolution of 1.2 × 1.8 × 1.4 mm 3 (interpolated to 0.9 × 0.9× 7 mm 3 ). Water and fat images were created using homodyne reconstruction performed online . The IDEAL image set was used to perform a bilateral comparison of the proximal BF tendon/aponeurosis. Tendon volumes were quantified for both limbs using manual segmentation on each image in which the structure was present. Volumes were calculated as the product of the inter-slice distance and the summed cross-sectional areas from all slices.
Strength testing
Subjects were positioned on an isokinetic dynamometer (Biodex Multi-Joint System 2, Biodex Medical Systems, Inc., Shirley, NY, USA) such that the hip was flexed to 90°and the dynamometer and knee joint axes were aligned. Strapping was used over the shank, thigh, and waist to constrain secondary joint movement. Each subject performed five consecutive concentric isokinetic (60°/s) knee flexion/extension cycles through his/her available range of motion and was verbally encouraged to perform at maximum effort. Joint angle and torque were recorded, and torque measurements were corrected for gravity. For each strength test, we determined the three cycles during which peak knee flexion torque was greatest, and then extracted the corresponding knee flexion angle of peak torque. Peak knee extension torque was found in an equivalent manner. Together, these data were used to quantify the hamstrings:quadriceps peak torque ratio.
Biomechanical assessment of treadmill sprinting
Fifteen of the 18 subjects performed treadmill running at 60, 80, 90, and 100% of maximum sprinting speed. The inclusion of multiple running speeds enabled us to evaluate whether the presence of a bilateral asymmetry was speed dependent. Maximum sprinting speed (7.60 ± 1.0 m/s) was determined using each subject's estimated 100 m time. Whole body kinematics were recorded (200 Hz) using an eight-camera passive marker system (Motion Analysis Corporation, Santa Rosa, CA, USA), which tracked 48 reflective markers, 30 of which were placed on anatomical landmarks. An upright calibration trial was first performed to establish joint centers, body segment coordinate systems, segment lengths, and the local positions of tracking markers. A voluntary hip circumduction movement was also performed, with the corresponding kinematic data used to estimate the hip joint center in the pelvis reference frame (Piazza et al., 2004) . Trials were collected in order of increasing speed for subject safety, with five strides analyzed at each speed (total time per trial b 10 s). Marker kinematics were used to compute three-dimensional lower extremity joint angles. These data were then used together with a scaled lower extremity musculoskeletal model (Delp et al., 1990 to estimate bilateral musculotendon lengths for the BF throughout the running gait cycle. Peak musculotendon stretch was found at each speed by normalizing musculotendon lengths during sprinting to those measured from an upright standing posture. Software to perform the kinematic analyses were generated using SIMM Dynamics Pipeline (Motion Analysis; Santa Rosa, CA, USA) and SDFast (Parametric Technology Corp.; Needham, MA, USA).
Electromyography (EMG)
Bilateral muscle activities of the rectus femoris (RF), vastus lateralis (VL), BF, and medial hamstrings (MH) were recorded at 2000 Hz using pre-amplified single differential surface electrodes (DE-2.1, DelSys, Inc, Boston, MA, USA). In preparation for electrode placement, each subject's skin was shaved and cleaned with alcohol. The electrodes were coated with conducting gel prior to application and interfaced with an amplifier/processor unit (CMRR N 85 dB at 60 Hz; input impedance N 100 MΩ). The electrode locations were determined by the same investigator for each subject using standardized locations (Basmajian, 1985) . EMG signals were bandpass filtered (20-500 Hz) and then full wave rectified. Each signal was normalized to the mean signal for that muscle over an entire gait cycle from the 100% sprinting speed (Yang and Winter, 1984) . The onset, offset, and duration of muscle activity, relative to a gait cycle, was manually determined (Li and Aruin, 2005) . Magnitude of normalized EMG activity was assessed by finding the root-mean-square (RMS) value during each of four distinct phases of the gait cycle: loading, propulsion, initial swing, and terminal swing. These phases were defined by the instantaneous events of initial contact, stance phase reversal, toe-off, and swing phase reversal, where stance phase and swing phase reversal were each defined as the transition from knee flexion to extension (Novacheck, 1995 Ounpuu, 1990 ).
Statistical analyses
Isokinetic strength measures (peak knee flexion torque; knee angle at peak flexion torque; hamstrings:quadriceps peak torque ratio) were compared between limbs using paired t-tests. Peak stretch of the BF and muscle activities during sprinting (timing and duration)
were compared between limbs and across speeds using a two way repeated measures ANOVA. RMS muscle activities were compared between limbs, gait cycle phases, and across speeds using a three way repeated measures ANOVA. Finally, Pearson correlations were used to determine if the amount of scarring influenced the degree of bilateral asymmetries measured during the strength testing and sprinting. Statistical significance was set at P b 0.05 for all tests, with bilateral differences reported relative to the uninjured limb as either percent (100% * (injured − uninjured) / uninjured) or absolute (injured − uninjured) values.
Results
Strength testing measures revealed no significant bilateral differences in peak knee flexion torque (8.2 ± 31.4%, P = 0.44), angle of peak torque (2.0 ± 14.4°, P = 0.33), or the hamstrings:quadriceps peak torque ratio (6 ± 28%, P = 0.63).
Peak BF musculotendon stretch during sprinting displayed no speed-by-limb interaction (P = 0.86) and no significant main effect between limbs (absolute difference in peak stretch, 1 ± 2 mm, P = 0.36). The ensemble averaged musculotendon length curves for both limbs across the gait cycle were nearly indistinguishable (Fig. 1) .
BF tendon volume was, on average, significantly larger for the previously injured limb (45 ± 67%, P = 0.01). However, the volumetric asymmetry was not correlated with the bilateral differences in isokinetic strength testing measures (peak knee flexion torque (Fig. 2a) , P = 0.58, r = − 0.16; angle of peak flexion torque (Fig. 2b) , P = 0.48, r = 0.20; hamstring:quadriceps ratio (Fig. 2c) , P = 0.18, r = −0.37) or peak BF musculotendon stretch during sprinting (P = 0.13, r = 0.41) (Fig. 2d) .
Onset, offset, and duration of muscle activities showed no significant interaction between limbs or across running speed. Further, there were no significant limb-by-speed interactions or main effects for the magnitudes of MH, BF, VL, or RF activity. A speedby-phase interaction was observed for the VL (P = 0.03), MH (P b 0.01), and BF (P b 0.01) muscles, but not RF (P = 0.29). Specifically, both MH and BF activity were greatest during terminal swing and loading (Fig. 3) . As speed increased from 80 to 100%, BF activity during terminal swing increased an average of 67% while the MH showed a 37% increase. In contrast, during loading, BF activity increased only 34%, while MH activity increased 66%.
Discussion
In this study, we investigated how a prior hamstring injury and the presence of residual scar tissue might affect both the strength and function of the musculotendon unit. In a previous study, we used MR imaging to show that a significant degree of scar tissue can exist along the proximal musculotendon junction in individuals with a prior BF long head strain injury (Silder et al., 2008) . These significant changes led us to hypothesize that functional adaptations may be detectable at the joint level. The current study included 11 subjects from the previous study (Silder et al., 2008) , as well as seven additional subjects. All of the subjects sustained at least one injury to the proximal BF, which has been shown to be the most common location for hamstring injury to occur (Verrall et al., 2003 , Askling et al., 2007 , Connell et al., 2004 . Our results suggest that, while scar tissue may be present in subjects with a prior injury, these underlying morphological changes do not appear to be discernable in terms of functional strength measures, or musculotendon stretch and neuromuscular patterns during sprinting.
We hypothesized that the replacement of muscle with scar tissue following injury would reduce the optimum length for active force generation. Such a change would be detectable at the joint level in terms of peak isokinetic knee flexion torque occurring at a more flexed posture. Contrary to our hypothesis, we did not observe a consistent shift in the angle of peak torque across subjects. It is interesting to note that if we limited our analysis to only those nine subjects whose bilateral difference in tendon size exceeded the 95% confidence interval observed for uninjured athletes (±15% bilateral difference (Silder et al., 2008) ), we found an average increase of 8°for the knee flexion angle of peak torque. However, this shift was inconsistent even within this subgroup of subjects (range, − 8.8°t o +25.0; standard deviation, 12°). Brockett et al. (2004) tested a group of previously injured athletes from the Australian Football League and found that peak torque in the previously injured limb occurred at a greater knee flexion angle (12°more) than the contralateral limb. They speculated that this change could be attributable to post-injury musculotendon remodeling, or alternatively, may be a training effect resulting from the repeat performance of concentric strengthening exercises during rehabilitation. While all subjects in our study underwent supervised rehabilitation, the rehabilitation program itself was not standardized across subjects. Fig. 1 . The ensemble averaged biceps femoris musculotendon lengths normalized to upright standing posture were nearly identical between the injured and uninjured limbs during sprinting (100% speed shown). The thick horizontal lines (standard deviation, thin line) represent when the rectus femoris, vastus lateralis, medial hamstrings, and biceps femoris muscles were active during the gait cycle. The combination of timing and musculotendon lengths emphasizes the role of the lengthening hamstrings to decelerate the limb prior to foot contact. Vertical lines depict the divisions between the four phases analyzed: loading, propulsion, initial swing, and terminal swing. Fig. 2 . Scatter plots demonstrate no significant relationship between bilateral differences in proximal biceps femoris (BF) tendon volume and bilateral differences in isokinetic strength measures: (a) peak knee flexion torque, (b) angle of peak knee flexion torque, and (c) the hamstrings:quadriceps strength ratio; or bilateral differences in (d) peak musculotendon stretch during sprinting. Note that bilateral differences in angle of peak torque and peak hamstring stretch are reported in absolute measures (injured-uninjured), while bilateral differences in peak knee flexion torque and hamstrings:quadriceps strength ratio are reported as a percent difference (100% ⁎ (injured − uninjured) / uninjured).
As a result, the observed differences between subjects may be influenced by specific aspects of the rehabilitation strategies employed. For example, we have observed hypertrophy of the biceps femoris short head in some subjects with prior hamstring injuries (Silder et al., 2008) , which could be an exercise-induced compensation for injury to the biceps femoris long head. Such a compensation, which is enabled by the separate innervations of the long and short heads of BF, may allow for the preservation of overall knee flexion strength and thus contribute to the similar peak knee flexion torque observed in this, and other studies (Croisier, 2004) .
Running mechanics were quantitatively assessed to ascertain how injury-induced changes at the muscle level might be evidenced during running. Hamstring strain injuries are generally believed to occur during terminal swing , Wood, 1987 . During this time, the hamstrings undergo an active lengthening contraction, with a reversal to musculotendon shortening prior to foot contact (Fig. 1 ). In the current study, we were not able to ascertain joint or muscle kinetics during sprinting. However, a prior simulation study suggested that increasing running speed magnifies the amount of energy absorbed by the lengthening hamstrings during terminal swing (Chumanov et al., 2007) . Hence, a protective mechanism may involve adapting running in such a way that reduces the stretch and energy absorption of the previously injured hamstrings, particularly as speed increases. In this study, we assessed running kinematics at four speeds ranging from 60-100% of maximum sprinting speed. Contrary to our hypothesis, we detected no significant asymmetries in peak hamstring musculotendon stretch (Fig. 1) at any of the speeds tested. These kinematic results are in agreement with two similar studies (Lee et al., 2009 , Brughelli et al., 2009 ) that tested a group of athletes with prior unilateral hamstring injuries running at sub-maximal running speeds. Thus, we conclude that changes in running mechanics due to a previous unilateral hamstring strain injury are likely not discernable in terms of asymmetric joint kinematic patterns.
We also measured muscle activities during running to assess whether compensatory strategies are reflected in neuromuscular control patterns. While individual subjects exhibited some asymmetries in the timing and magnitude of hamstring activities, no consistent trends emerged. Of potential interest are the seemingly distinct roles of the medial and lateral hamstrings during terminal swing and loading as sprinting speed increased. Specifically, during terminal swing, BF activity increased nearly twice that of the MH. This factor could relate to the high prevalence of BF injuries, compared to the other hamstring muscles (Askling et al., 2007 , Orchard and Best, 2002 , Silder et al., 2008 , and merits further investigation.
It is important to note that all of our sprint testing was done in a nonfatigued state with data collected for b10 s per speed. It has been previously shown that repeated tests at maximal sprinting effort can cause significant changes in running technique (Pinniger et al., 2000) , such that asymmetries may arise due to fatigue. Additionally, our sprint testing protocol was conducted on a treadmill rather than over-ground. However, it has been shown that the mechanics of treadmill running are relatively similar to that observed over-ground (Riley et al., 2008) . We also acknowledge the limitations of using generic musculoskeletal models to predict muscle lengths. In spite of this, analyses of hip and knee angles did not reveal asymmetries in running kinematics, thus supporting our results at the musculotendon level. Finally, since the method of computing percent change between limbs can lead to a skewed distribution, a non-parametric approach to the statistical analyses may be more appropriate. To account for this, repeat analysis using the nonparametric Wilcoxon rank test was conducted, but led to the same conclusions drawn from parametric tests.
Despite finding consistent morphological differences between limbs using MR imaging methods, we did not find bilateral differences in strength or running characteristics. The heterogeneity (e.g. sport, rehabilitation, and age) of our subject population could contribute to these observations, which are similar to a recent study that also included a variety of athletes (e.g. triathletes, soccer players, and Australian Football players) (Lee et al., 2009 ). However, the findings of a more homogeneous group of semi-professional 22 year-old Australian Rules Football players also found no significant differences in sagittal plane kinematics during sub-maximal running (Brughelli et al., 2009 ).
Of note is that our protocol consisted of isokinetic concentric strength testing for both the hamstrings and quadriceps. Recent studies have found that the eccentric hamstring to concentric quadriceps strength ratio may be the more important measure as a predictor of injury (Croisier et al., 2008) , as well as an indicator of full recovery following a hamstring strain injury (Lee et al., 2009 , Croisier et al., 2002 . Further, this study was purely retrospective such that we cannot truly determine whether observed asymmetries were already present prior to the hamstring injury occurrence and what injury risk factors may have been pre-existing. Although the greatest risk factor for strain injury is a previous injury (Orchard, 2001 , Jonhagen et al., 1994 , Askling et al., 2006 , re-injury risk has also been linked with a number of factors including age, inadequate rehabilitation and hamstring: quadriceps strength imbalances (Lee et al., 2009 , Gabbe et al., 2006 , Croisier et al., 2008 . Finally, when interpreting the results of this study, it is important to recognize that asymmetries during running and strength testing may be influenced by limb dominance, severity of the initial injury, and the frequency and intensity of training upon return to sport. (100% speed shown) . No significant differences in the mean root-mean-square (RMS) activity were observed between limbs within any of the four phases (loading, propulsion, initial swing, and terminal swing). Abbreviations: RF, rectus femoris; VL, vastus lateralis; MH, medial hamstrings; BF, biceps femoris.
In conclusion, the results of this study further demonstrate that scar tissue can persist in persons with a prior muscle strain injury, but that such morphological changes are not likely discernable from joint level mechanics or neuromuscular control patterns. Further research is warranted to ascertain whether residual scarring may alter more localized musculotendon tissue mechanics and thereby contribute to high rates of muscle re-injury that are observed clinically.
